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ABSTRACT: Field studies documented increased mortality, adverse health effects, and reproduc-
tive failure in common bottlenose dolphins Tursiops truncatus following the Deepwater Horizon
(DWH) oil spill. In order to determine the appropriate type and amount of restoration needed to
compensate for losses, the overall extent of injuries to dolphins had to be quantified. Simply count-
ing dead individuals does not consider long-term impacts to populations, such as the loss of future
reproductive potential from mortality of females, or the chronic health effects that continue to
compromise survival long after acute effects subside. Therefore, we constructed a sex- and age-
structured model of population growth and included additional class structure to represent dol-
phins exposed and unexposed to DWH oil. The model was applied for multiple stocks to predict
injured population trajectories using estimates of post-spill survival and reproductive rates.
Injured trajectories were compared to baseline trajectories that were expected had the DWH inci-
dent not occurred. Two principal measures of injury were computed: (1) lost cetacean years (LCY);
the difference between baseline and injured population size, summed over the modeled time
period, and (2) time to recovery; the number of years for the stock to recover to within 95% of
baseline. For the dolphin stock in Barataria Bay, Louisiana, the estimated LCY was substantial:
30 347 LCY (95% CI: 11 511 to 89 746). Estimated time to recovery was 39 yr (95% CI: 24 to 80).
Similar recovery timelines were predicted for stocks in the Mississippi River Delta, Mississippi
Sound, Mobile Bay and the Northern Coastal Stock.

KEY WORDS:  Population model · Monte Carlo analysis · Survival · Density dependence ·
Bayesian model · Deepwater Horizon · Impact assessment · Cetacean
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INTRODUCTION

Field studies conducted to assess injury to near-
shore common bottlenose dolphins Tursiops truncatus
following the Deepwater Horizon (DWH) oil spill
demonstrated poor health (Schwacke et al. 2014), re-
productive failure (Lane et al. 2015, Kellar et al. 2017,
this Theme Section), and increased mortality that
contributed to the largest and longest lasting ceta -
cean Unusual Mortality Event (UME) on record in the
northern Gulf of Mexico (Litz et al. 2014). Adverse
health effects documented in live dolphins after the
spill included lung disease, poor body condition, and
an impaired stress response indicative of injury to the
adrenal pathway and consistent with adrenal insuffi-
ciency (Schwacke et al. 2014). There was a significant
increase in the number of dolphin strandings spatially
and temporally associated with the spill (Venn-Wat-
son et al. 2015b), and a high prevalence of adrenal
and lung lesions in dolphin carcasses recovered
within the spill footprint (Venn-Watson et al. 2015a).
Longitudinal photo-identification studies followed
pregnant females to document birth outcome and
showed the rate of reproductive failures was over 2-
fold higher for stocks exposed to DWH oil than would
be expected based on unexposed reference popula-
tions (Lane et al. 2015, Kellar et al. 2017). The official
ending of the UME on 31 July 2014, and follow-up as-
sessments of live dolphins 3 and 4 yr post-spill
suggest that the health of nearshore dolphins has im-
proved (Smith et al. 2017, this Theme Section). How-
ever, the prevalence of moderate to severe lung dis-
ease and impaired stress response continues to be
higher than expected (as of summer 2014; see Smith
et al. 2017), indicating there are lingering health ef-
fects for the dolphin cohorts exposed to DWH oil that
will likely continue to affect survival. Likewise, the
rate of reproductive failure remained elevated
through spring 2015 when the final Natural Resource
Damage Assessment (NRDA) bottlenose dolphin sur-
veys were conducted (Kellar et al. 2017).

Under the US Oil Pollution Act (15 CFR [Code of
Federal Regulations] § 990.10), the NRDA process not
only assesses the nature of injuries to natural re-
sources following an oil release, but also quantifies
the extent of injuries to determine the appropriate
type and amount of restoration needed to compensate
for losses. Dolphins are long-lived, slow maturating
species with low reproductive rates, and the loss of
reproductive adults, whether through direct mortality
or impaired reproduction, can have a significant im-
pact on a population. A count of dead individuals
does not fully describe the potential long-term impact

to the population because it does not consider the re-
sultant loss of future reproductive potential, nor the
sublethal but chronic health effects that continue to
compromise survival and reproductive success long
after the acute effects have subsided. In contrast, a
model of population dynamics can provide a more ap-
propriate quantification because such models can in-
tegrate the various factors that influence long-term
survival and reproduction to predict a post-spill pop-
ulation trajectory over time. The post-spill population
trajectory can then be compared with baseline — that
is, the population trajectory that was expected if the
DWH incident had not occurred. Comparison of the 2
population trajectories provides for a holistic quantifi-
cation of injury that considers the long-term impacts
to the population expected to result from the combi-
nation of individual losses, future reproductive losses,
and lingering chronic disease.

Modeling the population dynamics following an
event such as the DWH oil spill requires insight into
the processes that will drive the population’s re -
covery. The dynamics by which a depleted bottlenose
dolphin population may recover and eventually
return to baseline condition are not known, but it is
believed that population growth for cetaceans is at
least partially controlled by density-dependent (DD)
factors (Fowler 1984). Therefore, a population per-
turbed by an acute event that significantly reduces its
numbers is likely to exhibit changes in one or more
vital rates (e.g. increased reproduction or in creased
survival), resulting in an accelerated growth rate that
will then slow as the population increases. Elasticity
analyses of matrix population models in odontocetes
have suggested that non-calf survival could have the
greatest influence on population growth (Brault &
Caswell 1993), yet field studies have shown variability
in reproductive rates over time and across stocks or
pods, while non-calf survival rates remain relatively
constant (Wells & Scott 1990, Brault & Caswell 1993,
Manlik et al. 2016). Other empirical data provide evi-
dence for DD growth in at least 9 species of ceta -
ceans: 8 of these showed evidence of DD birth rate, 5
showed evidence of DD age at first reproduction, and
only 1 (Orcinus orca) showed evidence for DD
juvenile or adult survival (Fowler 1984). However, it
should be noted that due to the logistical difficulty of
observing births for cetaceans, and the fact that the
highest risk of mortality occurs during the neonatal
period (Stolen & Barlow 2003, Mann & Watson-Capps
2005), estimates of fecundity or birth rate likely inte-
grate early calf (neonatal) survival rate to some de-
gree. Nonetheless, relationships among prey abun-
dance, body condition, and fecundity (which may
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include some aspect of calf survival) have been docu-
mented for cetaceans (Ward et al. 2009, Williams et
al. 2013, Meyer-Gutbrod et al. 2015), suggesting a
process by which DD responses in fecundity could oc-
cur. Specifically in bottlenose dolphins, shorter birth
intervals were noted in a population from the US At-
lantic coast following a significant depletion from a
morbillivirus outbreak (Thayer 2008), and increases
in calf/group ratios were documented in the years fol-
lowing a major hurricane in the northern Gulf of
Mexico, presumably in response to increased prey
availability following fishery closures or potential calf
losses during the hurricane (Miller et al. 2010). This
suggests that, while theoretically non-calf survival
could have the greatest influence on population dy-
namics, biologically it is more likely that environmen-
tal or resource fluctuations influence fecundity rates,
which in turn drive changes in population dynamics.
It makes sense that reproductive responses would be
most sensitive to resource availability and/or other
environmental stressors, as pregnancy imposes in-
creased metabolic costs and the embryonic, fetal, and
neonatal stages are sensitive life periods that have
been shown to be at particularly high risk under in-
creased stress (Braastad 1998, Winneke 2011,
Bellinger 2013, Shero et al. 2015).

While there is evidence that DD fecundity occurs,
the functional relationship between population size
and fecundity rate has not been well defined for bot-
tlenose dolphins. It is believed that for cetaceans in
general, DD responses occur close to carrying capac-
ity and often involve birth rate (Fowler 1981, 1984).
Only limited empirical data have been reported for a
dolphin species, but support the hypothesis that
reproductive rates do not substantially decrease until
a population reaches a relatively high fraction of its
equilibrium abundance (Smith 1984).

Here, we describe a population modeling frame-
work with a DD fecundity function that drives recov-
ery following losses associated with the DWH oil spill
in order to quantify the expected long-term popula-
tion impacts on T. truncatus stocks. For simplicity, we
present an application of the model for a single stock
(Barataria Bay Estuarine System Stock; see Vollmer &
Rosel [2013] for a review of Gulf of Mexico dolphin
stock structure), although the same population mod-
eling framework was used for the 2 coastal T. trunca-
tus stocks and 3 other Bay, Sound and Estuary (BSE)
stocks for which DWH-associated excess mortality
was determined. Model results for Mississippi River
Delta, Mississippi Sound, and Mobile Bay BSE Stocks,
and the Western and Northern Coastal Stocks are
reported in the Deepwater Horizon Final Program-

matic Damage Assessment and Restoration Plan
(DWH NRDA Trustees 2016).

MATERIALS AND METHODS

Overview

The modeling framework (Fig. 1) incorporated a
sex- and age-structured model of population growth,
with additional class structure to represent dolphins
exposed and unexposed to DWH oil. Baseline fecun-
dity rate for unexposed females was estimated from
the literature, while baseline age-specific survival
rates for unexposed males and females were esti-
mated using data derived from dolphin stocks not
overlapping geographically or temporally with the
spill. The estimated fecundity and survival parameter
values were consistently applied for each of the pop-
ulation models for BSE and coastal Tursiops trunca-
tus stocks. Initial population size, as well as reduction
factors for fecundity and survival rate associated with
spill-related effects (i.e. for the exposed class) were
stock-specific, and for Barataria Bay were parameter-
ized using estimates from a post-spill longitudinal
mark-recapture study (McDonald et al. 2017, this
Theme Section).

A single run of the model involved sampling from
the distribution of each input parameter (see below),
deterministically projecting the population state for
150 yr under a baseline scenario to predict what the
trajectory would have been if the DWH spill had not
happened, paired with a trajectory for the same num-
ber of years assuming reduced survival and reduced
fecundity in dolphins that were present in the popu-
lation at the time of the spill (injured scenario). The 2
trajectories for each run were then compared to eval-
uate the population loss and the length of time re -
quired for the injured population trajectory to ap -
proach the baseline population trajectory. Three
specific injury metrics were estimated (Fig. 1): (1) lost
cetacean years (LCY), the difference between the
baseline and injured population sizes, summed over
the entire modeled time period (150 yr); (2) years to
recovery (YTR), the number of years required before
the injured population trajectory reaches 95% of the
baseline population trajectory; and (3) maximum pro-
portional decrease (MPD), the difference between
the 2 population trajectories when the injured trajec-
tory is at its lowest point, divided by the baseline.

A Monte Carlo approach, similar to that described
by Caswell et al. (1998), was used to quantify uncer-
tainty on the injury metrics given uncertainty in
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model inputs. Each input parameter was described
by a distribution, reflecting uncertainty in its value.
For each simulation run, random values were drawn
from these distributions. A total of 10 000 simulations
were performed, producing distributions for each of
the model outputs. Further details for model compo-
nents and estimation of input parameter distributions
are outlined in the sections that follow.

Sex-, age- and class-structured population model

It was assumed that all dolphins in the BSEs where
oiling occurred were exposed to the oil, and that
there would be some modified survival and fecundity
rate for a period of time following the spill for these
exposed dolphins. It was further assumed that as new
dolphins were born, they would form an emerging
cohort having baseline (unaffected) survival and
fecundity rates. A matrix population model (Caswell
2001) was implemented with separate classes to rep-
resent the exposed and unexposed cohorts. Addi-
tional class structure was included to represent male
and female dolphins. The collective population was
therefore represented by 4 classes: exposed males,

exposed females, unexposed males, and unexposed
females, each with different fecundity and age-spe-
cific survival rates (Fig. 1). Maximum age for both
males and females was 60, with survival rate at age
60 assumed to be zero. Immediately following the
DWH spill (t = 0), all individuals in the Barataria Bay
stock were considered exposed with no members in
the unexposed classes.

The number of individual females and males in the
unexposed class at age x(x = 0,…,60) is given by nƒ,x

and nm,x, respectively, and in the exposed class by
n’ƒ,x and n’m,x. Survival rate for unexposed females
and males at age x are given by sƒ,x and sm,x, respec-
tively, and for exposed females and males by s’ƒ,x and
s’m,x. All offspring are contributed to the unexposed
class with DD fecundity rates for the 2 classes given
by ƒx(Nt) and ƒ’x(Nt) where the total number of indi-
viduals in the system,

In the limit as t → ∞, a stable, unexposed population
emerges following a transient phase as the exposed
class dies off. The system of difference equations
describing the model is given by:

N n n n nt xx m x xxx m xx
= + + +

= == =∑ ∑∑ƒ, , ƒ, ,’ ’
0

60

0

60

0
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0
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268

Fig. 1. Conceptual model for
framework to quantify in-
juries to bottlenose dolphins
Tursiops truncatus follow-
ing the Deepwater Horizon
oil spill. See ‘Materials and
methods’ for definitions of 

parameters
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The population modeling framework was imple-
mented using the R programming environment (ver-
sion 3.0.3; R Core Team 2015).

Age-specific baseline mortality

To estimate age-specific mortality rates, a Siler 5-
parameter competing hazard model (Siler 1979) was
fit to T. truncatus age-at-death data collected on
stranded animals from Sarasota Bay and 4 other US
southeast sites (see Table S1 in the Supplement at
www. int-res. com/ articles/ suppl/ n033 p265 _ supp. pdf)
using a Bayesian framework. The Siler functional
form was selected to model age-specific mortality
(1 yr intervals) due to its previous broad application
to long-lived species, and particularly to cetaceans
(Barlow & Boveng 1991, Stolen & Barlow 2003,
Moore & Read 2008). Details of the model implemen-
tation can be found in the Supplement.

In all, data were obtained for 1035 stranded bottle-
nose dolphins (Table S1). Age of the stranded dol-
phin was determined using dentinal layer analysis as
described by Hohn et al. (1989). The sex-specific sur-
vivorship function of age, ls(x), and its credible inter-
val were estimated within a Bayesian statistical
framework via the Markov Chain Monte Carlo
(MCMC) algorithm. The observed data consisted of a
list of dolphin strandings labeled with geographic
location (g), sex (s), and age (x). Previous studies have
demonstrated differing mortality rates for males and
females; therefore sex was included as a factor for
each of the Siler model parameters. It was assumed
that mortality among the various sites is similar (i.e.
the 5 Siler model parameters were not allowed to
vary among sites), although it was unknown whether

the stocks could be experiencing different rates of
growth. Geographic location was therefore included
as a factor for growth rate, r. The growth rate for the
Sarasota Bay stock over the years in which the
stranding data were collected was estimated as 0.018
based on a long-term photo-identification study doc-
umenting births and losses (R. S. Wells unpubl. data),
and so was fixed at that value in the current analysis.
The growth rates for remaining stocks are not known
and therefore values were simultaneously estimated
with the Siler model parameters. The full model for
expected proportion of dead animals per age class,
sex, and site was therefore:

(2)

where M = 60 for the 60 one yr age classes, rg is the
growth rate for geographic location g, and

(3)

following the Siler functional form (see the Supple-
ment). Prior distributions for latent parameters as,1,
bs,1, as,2, as,3, and bs,3 were assumed to be uniform
over biologically relevant ranges as previously
defined by Moore & Read (2008): as,1~U(0.0001,3),
bs,1~U(0.0001,5), as,2~U(0.0001,1), as,3~U(0.0001,1),
bs,3~U(0.0001,1). Growth rate for Sarasota was fixed
at 0.018. For the remaining sites, the prior distri -
bution for growth rate was assumed to be normally
distributed with hyperpriors that constrained growth
rates to be within reasonable limits as previously
 proposed for dolphin species (Reilly & Barlow 1985,
Slooten & Lad 1991, Mannocci et al. 2012): rg~norm
(μ,τ) where μ~U(–0.10, 0.05), τ~gamma (0.001, 0.001).

Posterior combinations of the 5 Siler model param-
eters were taken from 1000 thinned samples for each
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of 4 MCMC chains (see additional method details in
the Supplement), and for each sample (4000 total) the
probability of surviving to age x, ls(x), for x = 1…60
was computed by applying the Siler function, inde-
pendently for males and females. The probability of
surviving from age x to age x + 1, sx, was then com-
puted as sx = [ls(x + 1)]/[ls(x)], providing the inputs
needed for the diagonal of the transition matrix
(Eq. 1). The resulting 4000 lifetables (i.e. sƒ,x and sm,x

for x = 0…59) were saved, and for each execution of
the population simulation a paired lifetable for males
and lifetable females was randomly drawn with
replacement — this procedure preserves posterior
correlation between model parameters.

DWH-associated survival reduction factor

A survival reduction factor, SFt , was calculated for
each year post-spill, t = 1,…,150, as the ratio of the
estimated survival rate (St) for dolphins in Barataria
Bay exposed to DWH oil and a baseline annual sur-
vival rate, Sbaseline:

SFt = St/Sbaseline (4)

For the first 3 years post-spill (t = 1, 2, 3), estimated
annual survival rates for Barataria Bay dolphins were
available from mark-recapture analysis of photo-
identification data (McDonald et al. 2017). Sbaseline

was estimated based on a previously reported annual
survival rate (0.951) for a BSE bottlenose  dolphin
stock near Charleston, SC (Speakman et al. 2010),
derived using similar mark-recapture analysis of
photo-identification data. A similar survival rate
(0.962) was previously reported for dolphins in Sara-
sota Bay (Wells & Scott 1990), but the survival rate for
the Charleston stock was used as baseline due to
similarity of approach with the Barataria Bay survival
estimates (i.e. mark-recapture analysis of photo-
identification data). Beta distributions were fit to all
survival rates and associated estimates of uncer-
tainty.

Reduced survival in the exposed classes likely
 continued beyond the 3 yr in which the NRDA stud-
ies were conducted, but data were not available to
quantify the form of this reduction. Therefore, to esti-
mate future reduced survival (i.e. potential lingering
effects), opinion was elicited from 6 veterinary
experts. All 6 experts hold a Doctor of Veterinary
Medicine (DVM) degree, have experience through
practice and/or research with bottlenose dolphin
health and physiology, and have specific knowledge
of post-spill disease conditions in dolphins from

involvement with the NRDA dolphin health assess-
ment studies or from involvement in the cetacean
UME investigation following the DWH spill.

The experts were asked the following question:
‘Given the observed disease conditions and current
evidence for changing/improving condition over
time, how many years do you believe it will be before
the dolphins with these conditions return to a pre-
spill health state?’

Of the 6 experts, 2 indicated that they believed that
the injuries to dolphins exposed to DWH oil in
Barataria Bay would continue as chronic disease con-
ditions, and that these exposed dolphins would never
return to a normal (baseline) health state. The
remaining 4 experts indicated that they believed the
dolphins would recover to a baseline health state
within 10 to 12 yr (mean = 10.7 yr). To account for the
2 of 6 experts that stated the exposed dolphins would
never return to a baseline health state, population
model simulations were executed with a probability
of 0.33 having the survival reduction factor never
improve for t = 4…150 (i.e. SF4…150 = SF3). A gamma
distribution for the number of years required to
return to a pre-spill health state (i.e. until the reduced
survival factor returns to 1.0) was fit to the remaining
experts’ responses. Simulations, with a probability of
0.67, were executed drawing a value for the number
of years to return to pre-spill health status, YH, and
fitting a linear function between the final year of an
observed survival rate (t = 3) and YH such that
(SFYH…150 = 1.0); this linear function estimated the
reduced survival factor for remaining years, t = 4…
150.

The survival rates for the exposed classes for age x
and year t were then estimated as:

s’ƒ,x(t) = SFt · sƒ,x (5)

and

s’m,x(t) = SFt · sm,x (6)

where sƒ,x and sm,x are the survival rates for the unex-
posed females and males, respectively, at age x
determined from the computed lifetables.

Density-dependent fecundity

To model DD fecundity, we chose a generalization
of the Beverton-Holt function with an additional
parameter that provides flexibility for the represen-
tation of a range of DD relationships (Shepherd
1982, Thomas & Harwood 2005). We recomputed
the equation to derive a functional form that re -
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quired no specific assumption of carrying capacity,
but estimated fecundity for the population size at
time t (Nt) using an assumed maximum achievable
fecundity rate (Fmax), estimates of fecundity and
population size at a particular point in time (Fnominal

and Nnominal, respectively), and an additional param-
eter (ρ) that controls the shape of the density
dependent function and how quickly the fecundity
rate will change:

                       ƒ(Nt) = Fmax/[1 + (β · Nt)ρ]                   (7)

where

β = 1/Nnominal · [(Fmax – Fnominal)/Fnominal](1/ρ) (8)

With this function, fecundity is at a maximum (i.e.
Fmax ) when Nt = 0 and decreases with increasing
population size, with the rate of reduction being
controlled by β and ρ. Higher ρ values produce DD
curves that remain relatively constant around Fmax )
but then decline sharply (Fig. 2), at which point the
population quickly reaches an effective carrying
capacity, as would be expected for a long-lived
mammal with low reproductive rate (Fowler 1981).
In contrast, low values for ρ produce DD relation-
ships that begin to decline even at lower population
levels but change at a slower rate, a form of DD
that might be expected for short-lived species with
high reproductive rates (Fowler 1981). Note that if

Fmax , Fnominal and Nnominal are held constant, then
smaller values of ρ lead to larger equilibrium popu-
lation size, and equivalent changes at smaller ver-
sus larger values of ρ (e.g. 1 to 3 versus 6 to 12)
produce more substantial changes to the shape of
DD (Fig. 2).

Thomas & Harwood (2005) used the generalized
Beverton-Holt function in a Bayesian state space
model to examine both DD fecundity and DD pup
survival in gray seals Halichoerus grypus. Smith
(1984) fit a similar functional form for reproductive
rate in spinner dolphins Stenella longirostris and esti-
mated a comparable shape, although the analysis
was based on only 3 sampling points and intervals of
uncertainty were not estimated. DD responses occur
close to carrying capacity in both cetaceans and pin-
nipeds; responses have been observed as a change in
birth rate (which may reflect both fecundity and
neonatal survival due to the difficult of observing
births) for cetaceans while DD pup survival is more
frequently seen in pinnipeds (Fowler 1981, 1984,
SCOS 2014). To represent the uncertainty in the
shape of the DD fecundity function, we used a
gamma distribution covering a range of possible val-
ues (Table 1) roughly based on the posterior distribu-
tion for ρ for DD pup survival in gray seals (SCOS
2014).

Distributions representing the knowledge and
associated uncertainty with respect to the remaining
parameter values for the DD fecundity function were
derived from existing literature, and discussion
among a group of subject matter experts (authors R.
S. Wells, A. A. Hohn, and L. H. Schwacke). Selection
of values from the literature focused, where possible,
on reproductive studies from other BSE bottlenose
dolphin populations as these would be most similar to
the northern Gulf of Mexico BSE stocks being mod-
eled. Distributions used are given in Table 1 and
described below.

Nnominal was assumed to be the pre-spill population
size, and the abundance estimate and associated
uncertainty reported by McDonald et al. (2017) were
used to parameterize a normal distribution from
which a value of Nnominal was drawn for each popula-
tion simulation. A corresponding estimate of pre-spill
fecundity was not available; therefore, a distribution
for likely Fnominal values was derived using a range of
fecundity rates that have been reported for similar
BSE bottlenose dolphin stocks. A special case of the
beta distribution (beta-PERT) (Vose 2000) was para-
meterized with a minimum, mode, and maximum
value for Nnominal with scale parameter λ = 4, produc-
ing a reasonably symmetric distribution. The mode
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(most likely value) for Fnominal was derived from the
mean birth interval (4.14 yr) estimated for bottlenose
dolphins having successful calves in Sarasota Bay
(R. S. Wells unpubl. data). The minimum value for
Fnominal was based on the maximum birth interval
(8 yr) observed for Sarasota Bay bottlenose dolphins
(R. S. Wells unpubl. data). To our knowledge, the
shortest mean birth interval reported for a bottlenose
dolphin stock is 2.9 yr, estimated for bottlenose dol-
phins along the coast of North Carolina (Thayer
2008), and this was used as the basis for the maxi-
mum Fnominal value.

An additional beta-PERT distribution was para-
meterized to represent likely maximum fecundity
rates and was derived using reproductive rates
reported for recently exploited or depleted dolphin
populations. The mode for Fmax was based on the

mean birth interval estimated by Thayer (2008).
The population for which the estimate was made
had recently experienced significant mortality due
to a morbillivirus outbreak, potentially depleting
the population by as much as 50% (Scott et al.
1988), and following the morbillivirus die-off, the
stock continued to be impacted by incidental fish-
ery-related mortality (reviewed by Thayer 2008).
The lower and upper limits for Fmax were based on
pregnancy rates reported for spotted dolphins
Stenella attenuata impacted by the tuna fishery in
the eastern tropical Pacific in the 1970s (Myrick et
al. 1986), and exploited bottlenose dolphin popula-
tions off the coast of Japan (Kasuya et al. 1997),
respectively.

Fecundity was assumed to be 0 for animals less
than 8 yr of age and greater than 48 yr of age based
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Parameter   Description                               Point estimate  Distribution             Distribution               Source(s)
                                                                     (nominal value)                                   parameters

N0 (also       Initial population size; also             2306              Normal               Mean = 2306,
Nnominal)     nominal population size                                                                     SD = 169.81               McDonald et al. (2017)

Density dependent fecundity function
Fmax             Maximum fecundity rate                 0.34           Beta-PERT   Min. = 0.33, Mode = 0.34    Myrick et al. (1986), Kasuya et
                                                                                                                      Max. = 0.41, Shape = 4.0     al. (1997), Thayer (2008)

Fnominal         Nominal fecundity rate                    0.24           Beta-PERT   Min. = 0.13, Mode = 0.24    Thayer (2008), R. S. Wells
                                                                                                                      Max. = 0.34, Shape = 4.0     (unpubl. data)

ρ                  Shape parameter for                           6                Gamma      Shape = 6.4, Scale = 1.0     SCOS (2014)
                   density dependent
                   fecundity function

Factors for reductions in survival
Sbaseline        Baseline survival rate                      0.951                Beta               a = 75.8, b = 4.85           Speakman et al. (2010)

S1                 Survival rate for 1st                          0.846                Beta                a = 126, b = 22.8            McDonald et al. (2017)
                   year post-spill

S2                 Survival rate for 2nd                         0.827                Beta                a = 343, b = 71.6            McDonald et al. (2017)
                   year postspill

S3                 Survival rate for 3rd                         0.804                Beta                a = 262, b = 63.8            McDonald et al. (2017)
                   year post-spill

YH              Number of years to return               10.7              Gamma    Shape = 163, Scale = 0.066   Expert opinion, panel of 6
                   to pre-spill health status                                                                                                      marine mammal veterinarians

Factors for reductions in reproductive success
Rbaseline        Baseline reproductive                      0.65             Binomial             N = 34, p = 0.65            Kellar et al. (2017)
                   success rate

R1                Reproductive success rate               0.19             Binomial             N = 26, p = 0.19            Kellar et al. (2017)
                   for 1st year post-spill

R2                Reproductive success rate               0.19             Binomial             N = 26, p = 0.19            Kellar et al. (2017)
                   for 2nd year post-spill

R3                Reproductive success rate               0.19             Binomial             N = 26, p = 0.19            Kellar et al. (2017)
                   for 3rd year post-spill

YR               Number of years to return to           17.3              Gamma    Shape = 6.49, Scale = 2.67   Expert opinion, panel of 6
                   pre-spill reproductive state                                                                                                 marine mammal veterinarians

Table 1. Input parameters and uncertainty distributions for the population model
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on observations in Sarasota Bay, where by age 8,
40% of female dolphins have given birth to their first
calf and the oldest observed female to give birth was
48 yr (R. S. Wells unpubl. data). The simplifying
assumption was made that fecundity does not vary
within the reproductive range, i.e. ƒ8(Nt) = ƒ9(Nt) = …
ƒ48(Nt).

DWH-associated fecundity reduction factor

A reduced reproductive success factor, RFt, was
calculated as:

RFt = Rt/Rbaseline (9)

where Rt is reproductive success rate in year t for dol-
phins exposed to DWH oil, and Rbaseline is a baseline
reproductive success rate expected for dolphins not
exposed to oil. Values for Rt and Rbaseline were derived
from estimates reported by Kellar et al. (2017) for dol-
phins within the DWH oil footprint, and reference
sites where dolphins were not exposed to DWH oil,
respectively. Reproductive success estimates for dol-
phins within the DWH oil footprint were pooled
across the 3 yr and across studies in Barataria Bay
and Mississippi Sound due to the limited number of
observations. The pooled estimate was applied for Rt,
t = 1, 2, 3 consistent with the application of the sur-
vival reduction factors.

As with the survival reduction factor, reduced
reproductive success beyond the first 3 yr post-spill
was estimated based on elicitation of expert opinion.
The same 6 experts were asked the following ques-
tion: ‘Given the observed disease conditions and cur-
rent evidence for changing/improving condition over
time, how many years do you believe it will be before
the female dolphins with these conditions return to a
pre-spill reproductive state?’

The experts indicated that they believed it would
take between 9 and 25 yr (mean = 17.3 yr) for the
female dolphins to return to a pre-spill reproductive
state. A gamma distribution for the number of years
required to return to a pre-spill reproductive state
was fit to the experts’ responses. For each population
model simulation, a value for the number of years to
return to pre-spill reproductive state, YR, was drawn
and a linear function was fit between t = 3 and YR
such that (RFYR…150 = 1.0); this linear function esti-
mated the reduced reproductive success factor for
remaining years, t = 4,…, 150.

The fecundity for the exposed class for year t was
then estimated as:

ƒ’(Nt) = RFt × ƒ(Nt) (10)

Sensitivity analysis

The relative influence of each model input param-
eter (Table 1) on each of the estimated output metrics
(LCY, YTR, and MPD) was evaluated by sampling
one input variable at a time, drawing randomly from
that input variable’s distribution, while holding all
other input variables at their nominal value. The 95th

percentiles for each output metric obtained by sam-
pling from each input metric distribution were calcu-
lated and compared to examine relative changes in
output metric range.

RESULTS

Age-specific baseline mortality

Age-specific survival curves indicated higher sur-
vival rates for females compared to males (Fig. S1,
Tables S2 & S3 in the Supplement at www. int-res.
com/ articles/ suppl/ n033 p265 _ supp. pdf), particularly
in the youngest and oldest age classes. Similar sex
differences in survival have been previously re -
ported (Wells & Scott 1990, Stolen & Barlow 2003).
The median of the posterior distribution for popula-
tion growth rates (μ) was 0.021 (95% CI: −0.026 to
0.047), with median values for Charleston SC, Indian
River Lagoon, FL, Mississippi Sound, MS, and Texas
of 0.023 (0.005–0.040), 0.028 (0.008–0.049), 0.027
(0.004–0.050), and 0.011 (−0.009 to 0.031), respec-
tively. Additional model results can be found in the
Supplement.

Estimation of injury

The population model predicted a sharp decline for
the Barataria Bay population in the decade following
the DWH spill (Fig. 3), dropping to a low of 1246
(95% CI: 810.3–1786) dolphins 9 yr post-spill. In con-
trast, had the spill not occurred, the model predicted
initial slow growth for the population, reaching an
equilibrium size of approximately 2600 dolphins
within 20 yr. Comparing the 2 trajectories over time
indicated 30 347 (11 511–89 746) LCY due to the
DWH oil spill and 39 (24–80) YTR. The MPD was
predicted to be 0.51 (0.32–0.72) of the baseline popu-
lation size.

Examining growth rates (Fig. 4), an initial −0.135
(−0.052 to −0.210) decline was predicted following
the spill, but the growth rate was predicted to then
steadily increase and become positive in the ninth
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year post-spill, reaching a maximum growth rate of
0.034 in year 16 post-spill. In contrast, under the con-
trol scenario the population would have begun with a
0.018 (−0.006 to 0.037) growth rate in 2010, with that
growth rate slowing to less than 0.010 within 5 yr.

The transition from a population with all members
belonging to an exposed class to a population domi-
nated by unexposed members, i.e. a population with
>50% of its members belonging to an unexposed
class, is predicted to take approximately 7 yr (Fig. 5,
top). The continued low survival of the exposed
cohort, which included the only reproductive adults
in the years immediately following the spill, results in
a low point for population abundance around year 9.
This will also create a dearth of new births until
approximately 11 or 12 yr post-spill, when a signifi-
cant number of females from the unexposed class
reach reproductive age and can contribute new
members (Fig. 5b). The lack of births from approxi-
mately year 7 to 11 creates a hollow cohort that
propa gates as a diagonal across the age structure
over time (Fig. 5b).

Sensitivity analysis

Of the 10 input parameters examined, the 2 that
prompted the largest change in the injury metrics
LCY and YTR were ρ (the shape parameter for the

DD fecundity function), and YH (the number of years
expected for exposed dolphins to return to baseline
health status) (see Fig. S2 in the Supplement at
www.int-res. com/ articles/ suppl/ n033 p265 _ supp. pdf).
Sampling from the input distribution for ρ resulted in
a 1.5-fold increase in LCY at the 97.5th percentile,
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although the majority of the resulting distribution of
LCY values represented less than a 33% increase
(75th percentile = 33%). MPD, which describes a
more short-term impact on the population, was also
strongly influence by ρ and YH, but Sbaseline had the
greatest effect.

DISCUSSION

Under the US Oil Pollution Act, the objective of res-
toration is to recover the resource back to the state
that it would have been had the spill not occurred (15
CFR § 990.10). Fully evaluating the loss and needed
restoration for bottlenose dolphins following the
DWH spill required not only examination of the
immediate post-spill population status, but also pre-
diction of the recovery transient relative to the popu-
lation trajectory that would have been expected had
the spill not occurred. The multi-class structured
model with DD fecundity we present allows for
analysis of the transient population dynamics, mak-
ing assumptions regarding the likely recovery pro-
cess using estimates of post-spill survival and repro-
ductive success rates, as well as available knowledge
and observations of fecundity patterns from other
previously studied dolphin populations. The model’s
estimation of LCY provides a holistic metric of injury
that represents all of the years of life lost, including

years lost due to premature mortality
as well as the resultant loss of repro-
ductive output.

The examination of post-spill popu-
lation trajectories produced by our
model demonstrates the significant
impact of the DWH spill on Gulf of
Mexico bottlenose dolphin popula-
tions. Here, we presented results for
the Barataria Bay population, for
which we estimate it will take nearly
4 decades for recovery to baseline. As
noted in the ‘Introduction’, the same
modeling framework was applied to
5 other stocks for which DWH-associ-
ated excess mortality was determined,
including BSE populations in the
 Mississippi River Delta, Mississippi
Sound, and Mobile Bay, as well as the
Northern and Western Coastal Stocks.
Similar times to recovery (range: 31 to
52 yr) were estimated in these stocks
(see Table 4.9-10 in DWH NRDA
Trustees 2016) with the exception of

the Western Coastal Stock. The proportion of the
Western Coastal Stock assigned to the exposed class
was based on an overlay of DWH surface oiling with
the stock’s distribution estimated from aerial surveys,
and the overlap was determined to be limited. Only
23% of the overall Western Coastal Stock was ini-
tially assigned to the exposed cohort, compared to
82% for the Northern Coastal Stock and 100% for
each of the BSE stocks, resulting in a smaller injury.

For the Barataria Bay population, the model pre-
dicts that it will take 7 yr for an unexposed cohort to
emerge through new births, and as this occurs, a
younger, presumably more resilient cohort will
become dominant (Fig. 5) such that positive popula-
tion growth can be achieved. However, this scenario
is premised on the assumption that new births con-
tribute to an unexposed class, and that the unex-
posed class into which new births feed truly is physi-
ologically unaffected by the DWH spill. In actuality,
effects on offspring later in life following in utero
exposure and even transgenerational effects have
been reported for petroleum-associated compounds
(Jurisicova et al. 2007, Mohamed et al. 2010, Perera &
Herbstman 2011), and we cannot rule out the possi-
bility of greater susceptibility to disease or reproduc-
tive impairment in the offspring of exposed individu-
als. Such effects were not included in our current
model due to lack of available information to esti-
mate factors for reduced reproduction or survival for

275

Fig. 5. (a) Population size and (b) age distribution for Barataria Bay bottlenose
dolphins Tursiops truncatus over time under the Deepwater  Horizon (DWH)
injured scenario. In (a) solid red: exposed class; blue hatched: unexposed
class. In (b) brighter colors represent age classes with greater number of
 members, red represents exposed class and blue represents unexposed class
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subsequent generations. Other ecological impacts of
the DWH spill in Barataria Bay and other BSE habi-
tats within the northern Gulf of Mexico (DWH NRDA
Trustees 2016) were also not considered by the
model, and there is certainly potential that injuries to
other ecosystem components will ultimately influ-
ence dolphin vital rates, of both exposed and unex-
posed cohorts, into the future.

The modeling framework incorporated sampling
from distributions that represent uncertainty in input
values, allowing for the propagation of uncertainty to
provide probabilistic estimates for the injury metrics
and determine the contribution of the various input
parameters to uncertainty in the metrics. Not surpris-
ingly, the greatest changes in estimated injury met-
rics were observed in relation to input parameters ρ
(shape of density dependence) and YH (number of
years for the population to return to pre-spill health
status) (Fig. S2 in the Supplement), which predict
recovery processes that are not yet fully understood
for cetaceans. The value of ρ ultimately determines
the magnitude of difference between achievable
growth rates under injured versus baseline scenarios,
as well as equilibrium size (i.e. carrying capacity) of
the populations when other DD fecundity parameters
are held constant (Fig. S3 in the Supplement at
www.int-res. com/ articles/ suppl/ n033 p265 _ supp. pdf).
In scenarios with lower values of ρ, it takes longer for
the injured trajectory to catch up with the baseline
trajectory, and thus can significantly increase the
number of LCYs. In addition, a relatively broad dis-
tribution for potential values of ρ was incorporated,
reflecting the uncertainty in the underlying pro-
cesses that drive DD fecundity. Similarly, YH had a
strong influence relative to other input parameters on
LCY. Estimated based on expert opinion, this param-
eter could be refined by collecting additional data on
the health of exposed dolphins as time elapses and
exposed dolphins potentially recover. Continued
monitoring to document pregnancy rates and calving
success would also help to confirm or refine model
predictions, e.g. improve estimates of ρ, and in gen-
eral advance understanding of population recovery
processes for cetaceans following a catastrophic
event.

Our model incorporated DD fecundity, but other
reproductive processes, such as age at first reproduc-
tion, could also change in response to reduced popu-
lation size. Shift in age at first reproduction has been
suggested as a DD response for some cetaceans
(Fowler 1984, Eberhardt 2002), although it has not
been as frequently documented. While we did not
incorporate in our model a DD decrease in age of first

reproduction in response to reduced population size,
we anticipate that the effect on the population trajec-
tory would have been very similar to the increase in
fecundity we did include: both lead to increased
births. It is unknown whether DD fecundity and DD
age at first reproduction would act independently, or
whether one DD response might dampen the magni-
tude of the other. Without understanding the poten-
tial covariance of the two and assuming independ-
ence, adding DD age at first reproduction into our
model would likely result in unrealistic population
growth rates. Our incorporation of DD fecundity
alone resulted in population growth rates of up to
3.4% yr−1 (Fig. 4), which approach the theoretical
maximum population growth rate (4%) that has been
proposed for bottlenose dolphins based on life history
characteristics (Barlow et al. 1995, Wade 1998). The
3.4% rate is also well above growth rates that have
been observed or modeled for other Tursiops trunca-
tus populations, i.e. 1.8 and 0.5% for Sarasota Bay,
and Shark Bay, Australia, respectively (Manlik et al.
2016, R. S. Wells unpubl. data), and well above the
growth rates estimated from our Bayesian framework
using age-at-death data for the 4 baseline BSE sites
(range 1.1 to 2.8%).

There is evidence that odontocete populations
exploited by fisheries or depleted by a catastrophic
event can be slow to recover and often do not meet
theoretical expectations for their recovery transient.
Two populations of killer whales suffered losses of 33
and 41% in the year following the Exxon Valdez oil
spill, and 16 yr post-spill, recovery of both popula-
tions has been unexpectedly slow (Matkin et al.
2008). One resident population has increased, but at
an average rate of only 1.6% yr−1, significantly less
than the average rate of 3.2% yr−1 for other resident
killer whale populations unaffected by the spill
(Matkin et al. 2008). The other smaller, transient pop-
ulation is still in decline and now listed as depleted
under the Marine Mammal Protection Act. The loss
of reproductive age females following the spill
clearly contributed to the population’s decline, but
persistent pollutant exposure (Ylitalo et al. 2001),
decline of a primary prey source (Hoef & Frost 2003),
and disruption of social groups (Matkin et al. 2008,
Wade et al. 2012) may also be contributing factors.
Populations of spotted and spinner dolphins (Stenella
attenuata attenuata and S. longirostris orientalis),
depleted as the result of tuna fishery bycatch in the
eastern tropical Pacific, also demonstrated slower
than expected rates of recovery (Gerrodette & For-
cada 2005), with median population growth esti-
mates of only 1.7 and 1.5% yr−1, respectively (Wade
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et al. 2007). Potential reasons for their lack of recov-
ery include long-term ecosystem changes and con-
tinued harassment by the tuna fishery (Gerrodette &
Forcada 2005). Interactions with the fishery likely
elevate stress levels and increase energetic de -
mands, as well as separating social groups including
mother/calf pairs, leading to orphaned calves that
likely do not survive (Noren & Edwards 2007, Wade
et al. 2012). It has been suggested that, in general,
odontocete populations may be less resilient to
exploitation compared to mysticete populations, par-
tially due to older age at first reproduction and longer
calving intervals, but also potentially related to social
and behavioral factors (Wade et al. 2012). Social rela-
tionships may be even more important for small, res-
ident inshore bottlenose dolphin populations such as
the Barataria Bay stock. Female dolphins in Sarasota
Bay that rear calves in larger, more stable groups
exhibit greater reproductive success (Wells 2000,
2003). Group living likely provides increased protec-
tion for calves, and opportunities for socialization,
learning, and allomaternal care. Older, more experi-
enced mothers also have greater reproductive suc-
cess. Such factors are poorly understood and difficult
to observe and measure, and as such were not incor-
porated into our model. However, the potential influ-
ence of ecosystem, social, and behavioral factors
should not be overlooked, and as restoration projects
are planned and considered for BSE and coastal
areas as part of the DWH Gulf of Mexico Restoration
Plan, the probable impact of these factors should be
considered.

In fact, numerous restoration approaches are being
considered for the Gulf of Mexico following the DWH
spill, and although not necessarily targeted for marine
mammals, many proposed approaches have signifi-
cant potential to positively or negatively influence the
recovery of many stocks. For example, river diversions
within and outside of the Mississippi River are being
considered to restore wetlands and nearshore habitat
(DWH NRDA Trustees 2016), and could significantly
alter salinity patterns and fish communities. The po-
tential negative impacts of such projects on nearshore
dolphin stocks, many of which exhibit a high degree
of site fidelity within specific bays or sounds, are un-
known and must be carefully considered, monitored,
and evaluated throughout the process. Adaptive man-
agement will be critical for such efforts, and this will
require monitoring of not only abundance and distri-
bution as mandated under the Marine Mammal Pro-
tection Act, but also of more sensitive indicators of
population status such as disease prevalence, body
condition, reproduction, and survival rates.
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